ÁlvarezSalgado et al.  Outwelling versus Upwelling in NW Spain
40% of the warm and salty oceanic subtropical surface water, which piled on the shelf by the predominant southerly winds, enters the rías. 
Glossary of Selected Terms

Introduction
Enhanced shelfedge exchange is the reason behind the intensified primary production, recycling and export of organic matter in ocean margins (Wollast, 1998) . Primary production rates in coastal upwelling areas (average 420 g C m 2 y 1 ) is almost twice as in the global coastal zone (250 g C m 2 y 1 ; Schlesinger, 1997) . This high fertility and the enhanced horizontal fluxes cause that organic matter export from upwelling regions is 10 to 100 times higher than in other coastal systems (Barber & Smith, 1981; Walsh, 1991) . Coastal upwelling occurs at the four major eastern boundary current regions of the World Ocean: Canary, California, Benguela and Perú/Humboldt (Bakun & Nelson, 1991) .
The western coast of the Iberian Peninsula is the northern boundary of the NW Africa coastal upwelling system that associates with the Canary Current. At these latitudes (37°43°N) shelf winds follow a seasonal pattern connected to the largescale climatology of the NE Atlantic. Upwellingfavourable northerly winds predominate from MarchApril to SeptemberOctober whilst downwellingfavourable southerly winds prevail the rest of the year (Wooster et al., 1976; McClain et al, 1986; Bakun & Nelson, 1991) . The cold and nutrient-rich Eastern North Atlantic Central Water (ENACW) is promoted to the shelf during upwelling events (Fraga 1981; Fiúza, 1983) . Warm and salty surface waters of subtropical origin pile on the shelf during the downwelling period (Haynes & Barton, 1990; 1991) . However, the analysis of a 198796 time series of daily offshore Ekman transport values at 43°N revealed that this seasonal pattern explains <20% of the observed variability. More than 70% of the total variability concentrates at frequencies <30 days (Nogueira et al., 1997; Nogueira, 1998) . Consequently, the windinduced fertility and export of materials in NW Spain have to be evaluated through process-orientated studies at the shorttimescale. ÁlvarezSalgado et al. (1993) observed that the frequency of upwelling episodes at 43°N was 14±4 days and designed an intensive sampling programme visiting the study site every 34 days. This sampling frequency allowed them to adequately follow the response of the water column to periodic upwelling episodes. Their strategy has been recurrently applied to study the hydrodynamics (Rosón et al., 1997 ), chemistry (e.g. ÁlvarezSalgado et al., 1996 and biology (e.g. GómezFermín et al., 1996) of the system during the productive upwelling season.
Wind-driven upwelling causes a complex circulation pattern in upwelling areas, which involves the combination of 2layer alongshore and 2layer offshore fluxes. A poleward-flowing bottom current compensates the equatorward-flowing surface current. Concomitantly, Ekman pumping provokes the offshore deflection of the surface flux and the compensating inshore & upward displacement of the bottom flux (Barber & Smith, 1981) . The northern boundary of the western Iberian Peninsula (42°43°N) is occupied by the 'Rías Baixas', four large coastal indentations under the direct influence of shelf wind-stress (Fig. 1a) . The alongshore component of the flux can be neglected in these embayments (Rosón et al., 1997) .
In the present work, the shorttimescale 2D circulation pattern of the Ría of Vigo will be examined under four contrasting meteorological and hydrographic conditions: spring, summer, autumn and winter. We approach the problem with a simplified version of the 2D, non-steady-state, salinitytemperature weighted box model successfully applied by Rosón et al. (1997) to the adjacent Ría of Arousa. Previous 2D box model studies of water circulation in the Ría of Vigo Prego & Fraga, 1992 ) used a steady-state approach, which is inappropriate to model the shorttimescale circulation pattern. In addition, these models were based just on salinity changes. Therefore, they fail specially during the upwelling season, when density gradients are mainly caused by temperature.
Our key aim is to establish the relative importance of 1) upwelling of ENACW on the shelf and 2) outwelling of upwelled ENACW from the Rías Baixas in the composition of shelf surface waters. This topic has important implications for the biogeochemistry of shelf waters off the Rías Baixas (LópezJamar et al., 1992; Tenore et al., 1995; , the study site of the EU project 'Ocean Margin Exchange II' (Fig. 1a ).
Material and methods
Sampling programme and measured variables
The Ría of Vigo was visited aboard R/V 'Mytilus' during four contrasting periods in 1997: 723 April, 118 July, 15 September2 October and 112 December. Fulldepth continuous conductivity and temperature profiles were recorded with a calibrated CTD SBE25 at four selected stations along the main axe of the embayment (stns 1, 2, 3 and 5), and one additional site at the shallow northern entrance of the Ría of Vigo (stn 4; Fig. 1b) . Salinity was calculated from the CTDconductivity record with the equation of UNESCO (1985) . The accuracy of CTD salinity and temperature was ±0.005 and ±0.005°C, respectively.
This programme was repeated every 24 days during each period. A total of 6 surveys were performed in April, July and SeptemberOctober, and 4 surveys in December.
In parallel to the hydrographic programme, key meteorological data such as shelf (Vx, Vy) and local (Wx, Wy) wind components, precipitation rates (P), humidity (h), cloudiness (N) and air temperature (T A ) were collected during the sampling periods. Shelf winds were recorded at the Cape Finisterre Meteorological Observatory (Fig. 1a) , a representative site for winds blowing off the 'Rías Baixas' (ÁlvarezSalgado et al., 1993) . Local winds were taken from the Meteorological Observatory at the base laboratory in Bouzas (Fig.   1b ). Daily precipitation (mm d 1 ), humidity (%) and cloudiness (in oktas) were taken from the Meteorological Observatory at Vigo Airport and corrected taking into account its altitude above the sea level.
Variables calculated from collected data
Daily values of the offshore Ekman transport (Q X , m 3 s 1 km 1 ), were calculated according to Wooster et al. (1976) :
Where air  is the density of air, 1.22 kg·m
3 according to Hidy (1972 Ríos et al. (1992) empirical equation, using precipitation (P) in the drainage basin:
This equation considers the influence of daily precipitation during the year before the study day. k is the retention constant, with a value of 0.75 for the 586 km 2 drainage basin of the Ría of Vigo 
Heat exchange with the atmosphere (H) was evaluated considering the balance of the following terms: irradiation, conduction, back radiation, reflection and heat lost by evaporation. Irradiation (I, cal cm
was calculated with the equation developed by Rosón et al. (1997) for 42°N: 
The back radiation term (B, cal cm -2 d -1 ) was estimated with the equation (Laevastu, 1963) :
Heat lost by reflection is assumed to represent 6% of irradiation at our latitudes (Otto, 1975 Rosón et al. (1997) to the adjacent Ría of Arousa is presented in this work. This box model is able to estimate the average water fluxes (horizontal and vertical advection, vertical mixing) which produce the salinity and temperature changes observed in the Ría of Vigo between 2 consecutive surveys, separated 24 days.
Three boundaries are considered, which delimit the inner and outer part of the Ría of Vigo (Fig 1b) . The inner limit separates the ría from San Simón Bay, the estuary of the river OitabénVerdugo. The outer limit separates the ría from the continental shelf off the 'Rías Baixas'. The middle limit separates the small (0.5 km 3 ), shallow (average 15m) inner box exposed to San Simón Bay fluxes from the large (2.26 km 3 ) and deeper (average 27m) outer box exposed to exchange with the adjacent shelf waters.
The three boundaries are divided in two layers (surface, bottom), flowing in opposite directions. The limit between the surface and bottom layer (level of nohorizontal motion) is the gravity centre of the boundary, i.e. the depth where the actual density coincides with the average density of the boundary (Rosón et al., 1997) . The average salinity and temperature of the surface and bottom layer of every boundary and box are obtained by numeric integration of the calibrated CTD profiles considering the geometric characteristics of each boundary and box. For any of the three boundaries, the average surface layer water, salt and heat fluxes between two consecutive surveys from t 1 to t 2  are:
Where Q S (t), S S (t) and T S (t) are the evolution of surface water, salt and heat fluxes from t 1 to t 2 , respectively. Average bottom water ( B Q ) salt ( 
to t 2 can be calculated accordingly from Q B (t), S B (t), T B (t), R(t) and T R (t). The net freshwater input to each box is the balance of precipitation (P), evaporation (E) and continental runoff (R).
A simple system of three linear equations conservation of water (11), salt (12) and heat (13) can be written for the volume of the ría delimited within each of the three boundaries. This is, San Simón Bay for the case of boundary 1, San Simón Bay + the inner ría for the case of boundary 3 and San Simón Bay + the inner ría + the outer ría for the case of boundary 4.
Additional simplifications are necessary to solve the system of equations:
These simplifications are based on the extreme variability of water fluxes (Q S , Q B and R) compared with salinity and temperature changes (S S , T S , S B , T B and T R ) between two consecutive surveys in the study system (Rosón et al., 1997) .
Two sets of horizontal convective fluxes can be obtained, from the equations of water (11) and salt (12,
And the equations of water (11) and heat (13, 15) 
A salinitytemperature weighted horizontal flux, S Q , can be obtained as follows:
The dimensionless weighting factor, w , is calculated as:
w weights the contribution of salinity and temperature to the density gradient at the boundary of the study box. The coefficient   converts the salinity gradient into temperature units:
was calculated for the average salinity and temperature of the boundary between t 1 and t 2 .
There is an error related to the list of basic assumptions necessary to buildup the 2D box model, which affects the accuracy of the estimation. This error can only be assessed through validation with other method to estimate water fluxes (current meters, ADCP...) or any external variable independent to the model able to control water circulation in the embayment. In the case of the 'Rías Baixas', the Ekman Transport ( X Q  ) will be used to validate the water fluxes produced by the model (see results section).
In addition, there is an error associated with the precision of the measured variables to calculate water fluxes ( Q ) that can be estimated as: 
The average vertical advection fluxes between two consecutive surveys  Zi Q and Zo Q (Fig. 1c) 
And the corresponding analytical errors are:
Finally, the average vertical mixing fluxes between two consecutive surveys  Zi M and Zo M (Fig. 1c)  have to be calculated as:
And the corresponding errors:
Equivalent equations can be written for Zo M .  have to be considered as the maximum expected errors associated to the boxmodel estimation.
However, the proper error of such estimations is probably much lower because of the averaging effect of all terms and properties involved in the calculations on the individual errors (Matsukawa & Suzuki, 1985) .
Results
Thermal versus haline control of the density gradient
Box models calculate convective fluxes from salinity and temperature gradients. Equations (16) (Fig. 2a) . When the three boundaries (inner, middle and outer) are considered the range of   2   expands slightly from 9.7 to 12.9 (not shown). Therefore, the contribution of   indicates that the influence of salinity on the density gradient is one order of magnitude larger than the influence of temperature. This is a consequence of the water masses composition of the 'Rías Baixas', mainly ENACW modified by heating across the seasurface and freshening from continental runoff (Prego & Fraga, 1992; Rosón et al., 1997) .
It is worth noting that w values were >0.5 during the spring, summer and autumn periods (Fig. 2a) 
And, therefore, the corresponding non-steady-state term is: Figure 3 shows the time evolution of S Q (eq. 18), the steady-state term of S Q (eq. 35) and the nonsteady-state term of S Q (eq. 36) for boundary 3 (Fig. 1c) . (Table 2 ). More than 95% of the variability of the exchange fluxes in the middle and outer ría can be explained by the non-steady-state term.
Conversely, 96% of the variability of exchange fluxes in the inner ría depends on the steady-state term.
Dependence of fluxes on external forces. The key influence of the Ekman transport
The shorttimescale variability of S Q at boundary 3 ( 3 S Q ) is parallel to the changes observed in the eastwest component of the Ekman transport, X Q  (Fig. 4 ; reg. 1 in Table 3 ). When 3 S Q is correlated with X Q  and R , the correlation coefficient improves slightly (reg. 2 in Table 3 (Nogueira et al. 1997; Nogueira 1998 
This correlation is not significantly different from reg. 2 (Table 3 ) and supports the general statement that circulation in the central part of the Rías Baixas is under the direct influence of shelf wind-stress.
Comparison of eq. (37) and reg. 1 ( Table 3 and Lamela, at the mouth of the Ría of Vigo (Fig. 1b) . Consequently, the whole volume of oceanic ENACW 
Spatial variability of the circulation pattern under exemplar meteorological conditions
As demonstrated in the previous section, the shorttimescale variability of water fluxes in the Ría of Vigo is controlled by the external forces acting on the system: river flux at the eastern end of the ría and shelf windstress at the western end. Therefore, clear spatial differences should be observed in the circulation pattern. The ría will be studied under five contrasting meteorological conditions: 1) spring downwelling; 2) summer upwelling; 3) autumn wind calm; 4) winter upwelling and 5) winter downwelling.
A downwelling event occurred from 7 to 10 April 1997 (Fig. 7a) . Reversal of the positive circulation took place at the outer and middle boundaries, whereas circulation at the inner boundary was positive.
Convergence of the reversed circulation in the outer ría and the positive circulation in the inner ría occurred at the inner box. As a consequence, the flushing time in the inner box (0.50 km 3 ) was 5.5 days, very large when compared with the 4.1 days in the much larger outer box (2.26 km 3 ). As much as 83% of the volume of shelf surface water which entered the ría was advected downwards in the outer box, 4% was used to expand downwards the surface layer of the outer box and the remaining 13% was advected into the surface layer of the inner box. Convergence at the inner volume produced that 84% of the volume entering the surface layer (71% from the outer ría, 29% from San Simón Bay) was advected downwards to the bottom layer.
During the summer upwelling event from 15 to 18 July 1997 ( (Table 2) . Flushing times during this upwelling event were 3.0 and 3.6 days in the inner and outer boxes, respectively. Upwelling in the outer and middle ría represented 75% and 92% of the bottom ingoing flux. The abrupt bathymetry change in the surroundings of stn 3 is likely the responsible for the enhancement of upwelling in the inner box. This behaviour was also observed by Rosón et al. (1997) in the adjacent Ría of Arousa.
Water circulation was extremely slow during the autumn wind calm from 25 to 29 September 1997 (Fig.   7c ). This can be considered the expected circulation pattern of the Rías Baixas in the absence of shelf windstress. Flushing times of 11 and 130 days were calculated for the inner and outer boxes. Comparison of this event with the other four selected periods, proves the key role played by shelf wind-stress in water circulation of the Rías Baixas.
The winter upwelling event illustrates the effect of northerly winds from 1 to 5 December 1997 (Fig.   7d ), in the middle of the downwelling season. Upwelling reinforced the positive circulation pattern generated by continental runoff (50 m 3 s 1 ), producing fluxes larger than those recorded during the summer upwelling event. Flushing times during this period reduced to 2.5 and 2.8 days in the inner and outer ría, respectively.
Haline stratification associated to large continental runoff limited upwelling in the outer and inner volumes to 67% and 74% of the bottom ingoing flux.
Finally, the winter downwelling event from 8 to 11 December 1997 (Fig. 7e) is a typical example of the effect of strong southerly winds in the Rías Baixas. Extreme reversal of the circulation pattern was observed, affecting the outer, middle and inner boundaries. Therefore, shelf surface waters penetrated up to San Simon Bay, where water fluxes were low despite large continental runoff in the winter period (Fig. 4) . Flushing times during this event reduced to 1.4 and 1.7 days in the outer and inner boxes respectively. Downwelling represented 76% and 94% of the surface ingoing flux in the outer and inner boxes. The abrupt bathymetry change was again the reason behind enhanced downwelling in the inner box.
Discussion
2D box model approach to the water circulation of a coastal embayment affected by upwelling
Box models have been successfully applied to study circulation patterns, flushing times of pollutants and budgets of reactive species in wellmixed (1D approach; e.g. Stommel 1953; Boyle et al., 1974; Miller & McPherson, 1991; Smith et al., 1991; Simpson & Rippeth, 1998) and partiallymixed (2D approach; eg. Pritchard, 1969; Taft et al., 1976; Officer, 1980) estuaries, embayments and enclosed seas. Steady-state conditions have been assumed in all these studies. This assumption implies that the volumes and the thermohaline and chemical characteristics of the ingoing and outgoing fluxes remain unchanged for a period equivalent to the calculated flushing time. However, coastal upwelling areas are highly dynamic systems where dramatic hydrographic changes occur at short time intervals. Steady-state box models (Otto, 1975; González et al., 1979; Prego et al., 1990; Ríos, 1992; Prego & Fraga, 1992) fail to solve the high frequency of the wind stress/relaxation sequence in the NW Iberian Upwelling System, which describes a complete cycle in 14±4 days (ÁlvarezSalgado et al., 1993) . A non-steady-state approach is mandatory in this case.
Non-steady-state box models have also been applied by Matsukawa & Suzuki (1985) and Suzuki & Matsukawa (1987) for two bays in Japan and by Smith & Hollibaugh (1997) to Tomales Bay, California. We have demonstrated that >95% of the variability in the middle and outer ría depends on the non-steady-state term of the flux. In turns, Ekman pumping controls >75% of the variability of the non-steady-state term.
Enhanced vertical advection in the Ría of Vigo was pointed out for the first time by Margalef & Andreu (1958) and it was related with shelf winds by Anadón (1958) . The importance of events on the shelf in driving the motion within estuaries and bays has been widely recognised since the middle 70's (Carter et al., 1979) , although it is quite unusual that >75% of the total variance is associated with an external force. For example, Elliot (1978) showed that only 25% of the variance in the Potomac Estuary was due to the Ekman flux in the coast.
Flux calculations are robust in estuaries, bays and enclosed seas where horizontal (1D approach) or vertical (2D approach) salinity gradients are large enough; at least 25 times the analytical error of S (= 2· S  = 0.01). However this is not the case in many coastal systems, mainly during the summer period when continental runoff reduces to extreme minimum values. In fact, Smith & Hollibaugh (1997) found empirically that salinity differences <0.3 resulted in anomalously large fluxes that they rejected. Inspired by Rahm & Wulff (1992) , Rosón et al. (1997) used parallel salinity and temperature profiles to estimate water fluxes in the Ría of Arousa during the upwelling season. In the present work, we simplified Rosón et al.'s (1997) calculations and introduce an objective weighting factor, w , based on the ratio of the coefficients of thermal expansion and haline contraction. Our results indicate that temperature is the best tracer of circulation in the study system during the spring, summer and autumn periods. In this sense, Minas et al. (1986) used heat budgets to roughly estimate flushing times in the upwelling systems of NW Africa, California and Perú.
It is also interesting to note that our nonsteadystate approach considers time changes in the depth of the level of no motion, i.e. time changes in the volumes of the surface and bottom layers of each box,
as a new term to the water balance. This vertical component of the water balance use to be an order of magnitude lower than the convective fluxes. Finally, our 2D box model includes a rigorous assessment of the expected error of fluxes. We demonstrate that, despite the complex set of calculations involving measurements and estimation of many terms, the salinitytemperature weighted approach is able to keep the errors within acceptable levels of confidence.
Box model fluxes have never been simultaneously compared with current meter or ADCP measurements in the 'Rías Baixas'. However, conversion of our fluxes into velocities produce values consistent with those recorded from current meter arrays under comparable hydrographic conditions (Figueiras et al., 1994; ÁlvarezSalgado et al., 1998) . Anyway, results from direct current measurements indicate water displacements at a given position and depth within the embayment, whilst box model fluxes are representative for crosssections and volumes of the order of 10 4 m 2 and 10 6 m 3 respectively.
Rudimentary 3D (Taboada et al., 1998) and vertically integrated 2D (GómezGesteira et al., 1999) hydrodynamic models have been recently developed for the Ría of Vigo. However, they still fail to predict net water displacements generated by the offshore Ekman transport because they surprisingly did not consider shelf wind-stress in their computations. More recently, TorresLópez et al. (accepted) have developed a 3D nonlinear baroclinic model able to produce water fluxes and thermohaline distributions in the Ría of Vigo (NW Spain) under contrasting upwelling and downwelling favourable wind conditions. They obtain circulation patterns consistent with the result from our 2D kinematic box model.
Shelf surface waters off the Rías Baixas: outwelling versus upwelling
Water circulation patterns in the middle an outer segment of the 'Rías Baixas' are controlled by shelf windstress. Therefore, the Rías 'Baixas' behave as extensions of the shelf rather than as proper estuaries. In fact, the rías are out of the classical hydrodynamic classification of estuaries into salt wedge, partiallymixed and wellmixed systems (Bowden, 1980; Beer, 1983) . The Spanish rías must be defined 'like' estuaries not 'as' estuaries (Rosón et al., 1997) . During the upwelling season they circulate 'like' partially mixed estuaries but they are forced by shelf windstress ('as' coastal upwelling systems) not by continental runoff ('as' estuaries). In addition, a reversal of the positive circulation pattern can occur under downwelling conditions.
The ría would circulate 'like' a negative estuary in that case. In a proper estuary, negative circulation only would occur when R+PE <0 (Beer, 1983) , and this is never the case of the Spanish rías. Continental runoff to the rías is only important during the autumnwinter period, when these embayments have been classified 'as' estuaries (Prego & Fraga, 1992) . However, our study proves that wind-stress over the shelf is still the key factor controlling the circulation pattern during the winter, in such a way that when
circulation is reversed in the outer and middle ría despite the flushing effect of large continental runoff.
It is worth noting that the coefficient of (Table 3) coincides with the wideness of the rías of Vigo and Arousa at both the outer and middle boundaries. This proves that the whole volume of ENACW upwelled over the 200m isobath at the continental slope off the mouth of the four 'Rías Baixas' crosses the 50m isobath and enters the embayments (Fig. 1a) . Therefore, none of this ENACW upwells between the 200m isobath and the mouth of the rías but it is returned to the shelf via the surface outgoing flux from the rías. Obviously, outwelled ENACW from the rías is warmer and fresher than pure upwelled ENACW. Modification of ENACW into the ría depends on the meteorological conditions ( R and H ) and the residence time of water within the embayments. Both freshening and warming tend to increase the buoyancy of the surface outgoing flux, increasing stratification and preventing in situ upwelling. This case of 'upwelling shadowing' have been previously described by Tenore et al. (1995) to explain colder shelf surface water temperatures north of Cape Finisterre. However, these authors did not quantify the phenomenon. Upwelling shadowing have been also described in the California upwelling system as a consequence of outwelling from Monterrey Bay (Graham, 1993) .
The total volume of the four Rías Baixas is 13.65 km 3 , with an average depth of 20m (Prego, 1990 (Fig. 1a) .
Since the total length of the linear segment of coast between Cape Finisterre and the River Miño is 112.5 km, it results that ~40% of shelf surface waters off the rías consists of outwelled modified ENACW. The remaining ~60% has to be pure ENACW directly upwelled on the shelf. For comparison, the total volume of shelf waters inshore the 200m isobath amounts 243 km 3 and the average total flushing times for moderate, strong and inclement northerly winds are 50, 25 and 17 days. Therefore, 40% of the pure ENACW that upwells over the shelf passes through the limited volume of the rías (<6% of the total) before reaching the productive surface layer. The biogeochemical implications of outwelling during the upwelling season are important. 1) Partial/total nutrient consumption and progressive stratification of ENACW upwelled into the ría produces that food webs on the shelf are probably in an advanced state of development compared with the actual upwelling conditions. In fact, phytoplankton assemblages in upwelling areas succeed from fast growing small chainforming diatoms to slow growing large centric diatoms and, subsequently, small flagellates as they drift offshore (Barber & Smith, 1981; MacIsaac et al., 1985; Dugdale & Wilkerson, 1989) .
2) A considerable fraction of the organic materials produced into the rías are exported to the shelf, where large particles meet the organic (LopezJamar et al., 1992) and opal (Prego & Bao, 1997) biodeposits and contribute to rapid ageing of upwelled ENACW (ÁlvarezSalgado et al., 1993; 1997) .
During the downwelling season, predominant southerly winds provoke surfacing of the compensation undercurrent characteristic of the upwelling period. A poleward slope flow of warm and salty subtropical water has been observed from Cape Saõ Vicente (37°N; Frouin et al., 1990) to the Armorican shelf (47°N; Pingree & Le Cann, 1990) . Poleward surface currents of 0.10.2 cm·s 1 off the Rías Baixas (Haynes & Barton 1990; 1991) cause piling of ocean water on the shelf, which eventually enters the rías. This was the situation following the strong reversal of circulation during the winter survey. The pattern is similar to that found in the California Current system; from August to November the poleward California Undercurrent gets stronger and shoals to the surface (Largier et al., 1993; Bray & Greengrove, 1993 the 'Rías Baixas' and it is returned to the shelf through the bottom outgoing flux. 
